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Abstract Global warming and the reduction in our
fossil fuel reservoir have forced humanity to look for
new means of energy production. Agricultural waste
remains a large source for biofuel and bioenergy
production. Flax shives are a waste product obtained
during the processing of flax fibers. We investigated
the possibility of using low-lignin flax shives for
biogas production, specifically by assessing the impact
of CAD deficiency on the biochemical and structural
properties of shives. The study used genetically
modified flax plants with a silenced CAD gene, which
encodes the key enzyme for lignin synthesis. Reducing
the lignin content modified cellulose crystallinity,
improved flax shive fermentation and optimized
biogas production. Chemical pretreatment of the shive
biomass further increased biogas production
efficiency.
Keywords CAD gene  Transgenic flax  Biogas
production  FTIR (Fourier transform infrared
spectroscopy)  Shives
Introduction
Flax (Linum usitatissimum L.) is an annual plant with a
very long history of cultivation worldwide. There are
two products: fibers, which are used in textiles and
composites (Gredes et al. 2012; Wro´bel-Kwiatkowska
et al. 2012) and oil, which is rich in unsaturated fatty
acids and has benefits for human health. Biotechno-
logical methods have been used to generate novel flax
plants that are more resistant to pathogens (Wro´bel-
Kwiatkowska et al. 2004), are enriched with
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flavonoids and phenolic acids (Lorenc-Kukuła et al.
2007) and have improved fiber quality.
Fiber quality improvements have been accom-
plished using two different strategies: the synthesis of
exogenous thermoplastic polymer (PHB) in the flax
fibers (Wro´bel-Kwiatkowska et al. 2007a); and the
reduction of the endogenous polymer (lignin) content
in the flax fibers (Preisner et al. 2014; Wro´bel-
Kwiatkowska et al. 2007b). Lignin consists of com-
pounds from phenylpropanoid pathway (coniferyl-,
sinapyl- and p-coumaryl-alcohols). It is not a desirable
constituent of fibers as it is responsible for mechanical
resistance and hardness. The absence of lignin in
cotton fibers is the reason for the textile industry’s
greater reliance on cotton.
Using a previously described method, we generated
flax plants with constitutive repression of the CAD
gene, which codes for the key enzyme for lignin
synthesis, cinnamyl alcohol dehydrogenase (Wro´bel-
Kwiatkowska et al. 2007b). Our aim was to use flax
shives derived from these plants as the substrate for
biogas production.
Flax shives are a waste product of the fiber
extraction process. For each ton of flax fiber, 2.5 tons
of shives are produced (Ross and Mazza 2010). They
are mainly used as a component of packaging mate-
rials, but their use for energy production and as fuel
was recently proposed (Kymalainen et al. 2004).
Two factors negatively affect the efficiency of
agricultural waste usage for biogas production: the
presence of lignin, which exhibits high resistance to
both chemical and enzymatic degradation; and cellu-
lose crystallinity (Taherzadeh and Karimi 2008).
Many protocols for lignocellulose pretreatment were
developed to improve plant biomass as a substrate for
biofuel and biogas production (Hendriks and Zeeman
2009), including mechanical (milling), physical
(steam explosion, radiation), chemical (acids, bases
or solvents) and biological methods (enzymes or
fungi; Teghammar et al. 2014).
For our study on biogas production, as well as
genetic modification, we used a chemical method:
pretreatment with an aqueous solution of sulfuric acid
or sodium hydroxide or with water. The biochemical
composition of the genetically modified flax shives
was assessed and a structural analysis of the tested
shives was performed to determine the effects of CAD




Flax shives were obtained from CAD27 plants and
unmodified flax plants of the cultivar Nike, which
acted as the control (Wro´bel-Kwiatkowska et al.
2007b). The plants had been cultivated in the field for
4 months and then retted using the dew method
(Wro´bel-Kwiatkowska et al. 2007a). Flax straw was
processed into fibers and shives in mechanical decor-
tications. The separated shives were used for this
study. For all the experiments, the shives were
pretreated with 2 M NaOH, 1 M H2SO4 or water for
72 h at 37 C. Then the samples were centrifuged,
washed with distilled water and used for anaerobic
biodegradation tests.
Anaerobic biodegradation tests
The anaerobic biodegradation tests were prepared
in 120 ml serum bottles. Fifty ml of the inoculum
and 0.5 g of the shive samples were placed in each
bottle. The substrate was omitted from the control
bottles. The inoculum material was obtained from a
laboratory anaerobic reactor fed with cow manure
and had the following parameters: pH 7.04,
400 mg/l [NH4
?], 5.14 % DW and 3.56 % volatile
solids.
In the next step, the air was removed from the
bottles by flushing them with nitrogen gas. The
digestion test took place at 37 C. Once every 24 h
for a 21-day period, the samples were stirred and then
gas measurements were taken via water displacement
(Kida et al. 2001). All of the samples were prepared in
triplicate.
The amount of biogas produced from biomass was
calculated as the difference between the production in
the sample bottles and the production in the control
bottles. Biogas volumes were calculated for the
standard state (105 Pa, 298.15 K), pH was measured
with a CyberScan pH5500 pH/Ion Meter (Eutech
Instruments), and the ammonium ion concentration
was measured with an ion-selective electrode (Eutech
Instruments) according to the manufacturers’ instruc-
tions. The dry weight and volatile solids were
determined as described previously (Clesceri et al.
1998).
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Determination of the lignin content in the flax
shives
For lignin analysis, the acetyl bromide method was
used as described previously (Iiyama and Wallis
1990). Using a previously described procedure, lignin
was isolated from two types of flax shives, derived
from the CAD27 flax plants and the unmodified, wild-
type plants (Wro´bel-Kwiatkowska et al. 2009).
Determination of cellulose content in flax shives
The cellulose content was measured using the colori-
metric method with anthrone reagent (Updegraff 1969).
Shive samples were prepared and cellulose measured as
described previously (Wro´bel-Kwiatkowska et al. 2009).
Analysis of pectin content in flax shives
For the pectin analysis, the modified method of Melton
and Smith was used (Melton and Smith 2001). The shive
samples were washed with 96 % ethanol (100 C), and
after centrifugation (5000g, 5 min) the pellet was
washed with 80 % ethanol (80 C) and treated with
mixture of chloroform and methanol (1:1, v/v). Then the
samples were centrifuged again (5000g, 5 min) and the
remaining pellet was washed with acetone and cen-
trifuged as before. The dried pellet (at 37 C) was frozen
and weighed. Acidic hydrolysis was performed with
concentrated sulfuric acid, and then the samples were
stirred for 5 min on ice. Next, the samples were diluted
with water and centrifuged (2000g, 10 min). Super-
natants were taken to measure pectin using a modified
version of the biphenyl method described in Blu-
menkrantz and Asboe-Hansen (1973). A 4 M sulfamic
acid/potassium sulfamate solution was added to each
sample and mixed. Then 75 mM sodium tetraborate in
sulfuric acid was added and again mixed. The samples
were incubated at 100 C for 20 min and cooled on ice
for 10 min. Then 0.15 % m-hydroxy-biphenyl in 0.5 %
NaOH was added and mixed. In samples that were
incubated for 10 min at room temperature, the pectin
content was measured at 525 nm and galacturonic acid
was used to prepare a calibration curve.
IR studies
The IR spectra of the shive samples were measured in
the spectral range 350–4000 cm-1 using a FT-IR
NICOLET 6700 spectrometer as described earlier
(Dymin´ska et al. 2012). The mathematical processing
of the measured spectra was performed using the
computer program ORIGIN 7.5. Lorentzian distribu-
tion function was used for data fitting and the fitting
parameter v2 was of the order 10-6. The crystallinity
index was estimated as the ratio of bands at 2900 and




Flax shives were used as the substrates for microbial
fermentation and biogas production. The shives from
the unmodified control plants and genetically modified
flax plants were pretreated with acid, alkali or water
and supplemented with inoculum material obtained
from a laboratory anaerobic reactor fed with cow
manure. The biogas production was measured as
described in the ‘‘Materials and methods’’ section. The
data are presented in Fig. 1.
The highest level of biogas was noticed for shives
derived from CAD27 plants pretreated with sodium
hydroxide. It was about 7 % higher than for unmod-
ified shives after alkalization. A lower level of
cumulative biogas was produced when shives from
CAD27 plants were pretreated with water and then




























Fig. 1 Biogas production. The anaerobic biodegradation tests
were prepared as it was specified in the ‘‘Materials and
methods’’ section. The inoculum material is characterized in
Table 1. All of the samples were prepared in triplicate
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still higher than for shives from control plants
pretreated with water. The lowest amount of biogas
was produced when shives pretreated with sulfuric
acid were used. It was observed for shives from both
control and transgenic plants.
Biochemical analysis of chemically treated shives
To determine the reason for the higher level of biogas
produced when transgenic shives were used, we
analyzed the chemical composition of the shives
(Fig. 2). The levels of cellulose, lignin and pectin were
lower in shives from the transgenic plants than from
the control plants. Thus, the polymer profile of the
shives is different than that of the fibers, in which
CAD-deficiency caused an accumulation of cellulose
and pectin (Preisner et al. 2014).
The degree of lignification is a parameter that
determines the usage of plant biomass for energy
production. Reduction of lignin results in easier access
to cellulose and improves its degradability. Lignin
content in the shives from CAD27 plants pretreated
with water was about 27 % lower than for shives from
the control plants pretreated in the same way (Fig. 2).
The amount of lignin in shives from both plant types
pretreated with sulfuric acid was quite similar.
The highest reduction in lignin level was noticed
for shives from both control and transgenic plants
treated with sodium hydroxide. The highest levels of
accumulated biogas were also measured for these
shives. This confirmed that the lignin content nega-
tively correlates with biogas production. It is interest-
ing that the lignin levels of the two types are
essentially the same, but the biogas production level
is higher when shives from transgenic plants were
used. This suggests that another parameter strongly
affects biogas production.
We performed biochemical analyses of other
compounds in the shives. Cellulose constitutes about
50 % of their biochemical composition (Ross and
Mazza 2010). The level of cellulose was reduced in
shives from transgenic flax pretreated with water in
comparison to pretreated control (Fig. 2). Pretreat-
ment with sulfuric acid did not lead to a difference in
the cellulose levels between the shives from transgenic
and control plants. However, pretreatment with alkali
reduced the cellulose level in the shives from both
plant types and in the transgenic plants, the reduction
was higher than for the control. It should be noted that
the changes in cellulose content upon shive pretreat-
ment did not reflect the change in biogas production.
Pectin is another component of shives. It inhibits
the access of the enzymes to cellulose (Xiao and
Anderson 2013; Park et al. 2010). On the other hand
pectin may confer hydrophilic character and improve
the availability of cellulose from the shives to the
inoculum. The level of pectin was reduced in shives
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Fig. 2 The lignin, cellulose and pectin contents in shives from
transgenic flax (CAD27) and control, unmodified shives (wild-
type; wt) treated with water, H2SO4 or NaOH. The measure-
ments were done as it was described in the ‘‘Materials and
methods’’ section. The mean value ± SD is presented
(n = 3–6)
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from CAD27 plants compared to the control (Fig. 2).
The lowest pectin level was observed when alkali
treatment was applied. This lower pectin level might
be the reason for the easier access of enzymes from the
inoculum to the cellulose.
Spectral analysis of the shives
Spectroscopic analyses of the shives and the arrange-
ment of the basic constituents of the shives were
performed using the FTIR method. The IR spectra of
shives from the control and transgenic plants pretreated
with water, acid and alkali are presented in Fig. 3. Four
characteristic ranges were detected: 2000–4000,
1200–1800, 900–1200 and 400–900 cm-1. The main
contours are similar to those reported earlier for flax
(Blackwell et al. 1970; Ja¨hn et al. 2002; Schwanninger
et al. 2004). Absorption intensity at 3400 cm-1, which
has previously been described as characteristic for free
hydroxyl groups (Wro´bel-Kwiatkowska et al. 2009),
differed in the analyzed shives: the IR bands in the OH
stretching range could be deconvoluted into five
Lorentzian components (Table 1).
Intramolecular 2-OHO-6 hydrogen bonds (band
at 3470–3440 cm-1) in control and transgenic plant
shives pretreated with H2SO4 and NaOH are longer
and weaker (appear at shorter wavenumbers) than
those in shives treated with H2O (Table 1). Inter-
molecular 6-OHO-30 hydrogen bonds in cellulose
(band at 3280–3200 cm-1) are stronger and shorter in
shives treated with H2SO4 and NaOH. It results from
shifts of bands positions toward longer wavenumbers
for these samples in comparison to shives treated with
water (Carrillo and Colom 2004; Schwanninger et al.
2004; Dai and Fan 2011). A new band (at
3130–3000 cm-1) is formed in the mentioned shives.
It is typical for an intermolecular 2-OHO-20 hydro-
gen bond (Oh et al. 2005), while the band for an
intramolecular 3-OHO-5 (at 3380–3330 cm-1)
hydrogen bond is absent in mentioned shives. The
obtained data might suggest changes in cellulose
arrangement in shives from the transgenic plants and a
higher tendency for the pyranoid rings to rotate after
acid and alkali pretreatment.
The crystallinity index (Icr) of cellulose is an
important factor that characterizes the degree of
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bFig. 3 A IR spectra of WT?H2O (a), CAD27?H2O (b),
WT?H2SO4 (c), CAD27?H2SO4 (d), WT?NaOH (e) and
CAD27?NaOH (f) shives. B IR spectra in the region
4000–2000 cm-1 of WT?H2O (a), CAD27?H2O (b), WT?H2-
SO4 (c), CAD27?H2SO4 (d), WT?NaOH (e) and CAD27?-
NaOH (f) shives. C IR spectra in the region 1850–400 cm-1 of
WT?H2O (a), CAD27?H2O (b), WT?H2SO4 (c), CAD27?H2-
SO4 (d), WT?NaOH (e) and CAD27?NaOH (f) shives
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crystallinity of cellulose. It expresses the ratio between
crystalline structures and amorphous structures in
cellulose. Icr negatively correlates with both access to
cellulose for degrading enzymes and the hydrophilic
properties of cellulose. The hydrophilic properties of
cellulose are responsible for the degree of mixing with
other materials (Kirk et al. 1968), including the
inoculum used for biogas production. The crystallinity
index was measured in the shives (Table 2) and found
to have higher values for the untreated and treated
control shives than for the respective shives from the
transgenic plants.
Although the lowest crystallinity index value was
found for the shives after acid treatment, they were not a
sufficient substrate for fermentation and biogas pro-
duction. The reason might be the amount of lignin,
which was about 50 % higher than that in shives treated
with alkali. This shows that lignin amount is the key
parameter that influences the degradability of biomass.
Discussion
The aims of this study were to estimate the effect of
CAD reduction on the biochemical and structural
properties of flax shives and to analyze the impact of
genetic and chemical modifications on cumulative
biogas production.
The main problem with using agricultural waste as
bioenergy substrates is the presence of lignin, which is
the most resistant compound of the plant cell wall
(Walton 1994). Reducing the lignin level in plants is
the purpose of many studies (Chen and Dixon 2007; Li
et al. 2008, Hisano et al. 2009).
In this study, we used flax shives, which are a waste
product from fiber production, as a biogas substrate.
They were obtained from transgenic plants with a
reduced lignin level: about 30 % lower than in the
control shives. The lignin content was further
decreased by chemical pretreatment with acid, alkali
or water. It should be noted that the reduction in lignin
amount caused by alkalization was higher for the
control shives than for the transgenic shives.
The highest amount of cumulative biogas was
detected when the substrate was shives from trans-
genic CAD27 plants pretreated with alkali, although
they showed almost the same level of lignin as the
control shives after alkalization. Thus, we expected
that there must be different agent that affects biogas
production and cellulose fermentation.
The structural characteristics of shives were
assessed. We found that the crystallinity index in the
control shives was higher than that for shives from
CAD27 plants, even those treated with alkali or water.
A high cellulose crystallinity value results in a lower
level of digestibility (Jeoh et al. 2007). Thus, the
Table 2 The crystallinity index (Icr) estimated for control and transgenic shives
Type of chemical modification of shives ICR for control shives ICR for transgenic shives
Treatment with H2O 15.0 11.78
Treatment with H2SO4 7.12 6.0
Treatment with NaOH 13.0 9.0
The parameter was calculated as the intensity ratio of the bands at 2900 and 1370 cm-1
Table 1 Wavenumbers (m)
of the Lorentzian
components derived for the
3000–3700 cm-1 range for
the control (WT) and
transgenic (CAD27) flax
shives
WT?H2O WT?H2SO4 WT?NaOH CAD27?H2O CAD27?H2SO4 CAD27?NaOH
m m m m m m
3614 3591 3608 3616 3598 3606
3551 3507 3529 3559 3525 3521
3467 3396 3416 3461 3418 3404
3364 3330
3242 3269 3281 3206 3280 3279
3006 3120 3002 3125
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observed higher cellulose crystallinity for all the
control samples might be the reason for reduced
cellulose digestion by microorganisms from the
inoculum.
However, other factors clearly play an important
role and the relationships between parameters are
complex. The highest observed difference in the
amount of produced biogas was between transgenic
and control shives treated with water. In this case, the
amount of biogas correlated with a reduced lignin
content in those shives. Thus it can be suggested that
lignin reduction is the main reason for higher biogas
production.
Flax shives also contain pectin. Shives derived from
CAD27 plants showed 20 % lower pectin content than
the controls and a further reduction was observed after
alkali pretreatment. Interestingly, the control shives
reached the same pectin content after treatment with
NaOH, so pectin did not have a direct impact on the
produced cumulative biogas, which achieved a higher
value when alkali-treated shives from transgenic
plants were used as a substrate.
The obtained data suggest that the efficiency of
biogas production from flax shives depends mainly on
the lignin amount. The similar observation was
described for example for poplar and Miscanthus, in
those plants reduction in the lignin level caused
increased bioethanol production (Mansfield et al.
2012; da Costa et al. 2014). It should be pointed out
that the reduction in the lignin level is advantageous
when biological biodegradation by microorganisms is
exploited. However, for direct combustion a decrease
in the lignin could be a disadvantage, because it results
in a lower energy value of plant material (Allison et al.
2010; Hodgson et al. 2010).
An additional advantage seen in our study is the
decreased index of cellulose crystallinity (Icr) in the
CAD deficient plants. The highest observed difference
in the Icr of cellulose between control and transgenic
shives was found for shives treated with alkali, which
might suggest that a decreased lignin content directly
influences the degree of crystallinity of cellulose.
In this paper, we try to explain the impact of CAD
silencing in flax on bioenergy production. CAD
deficiency has a positive influence on cumulative
biogas production. A decreased lignin level is espe-
cially important for fibrous cultivars of flax, because it
positively correlates with the mechanical parameters
of the fibers and thus improves the quality of fibers.
CAD deficiency is overall advantageous for the
quality of flax fiber and favorable for the utilization of
shives, a waste product derived from fiber processing.
The lignin reduction obtained through genetic manip-
ulation might provide a means for using the whole flax
plant meaning less wasteful agricultural practices and
renewable bioenergy strategies.
Acknowledgments This work is supported by grant
MAESTRO Nr 2012/06/A/NZ1/00006 from National Science
Centre. Publication supported by Wroclaw Centre of
Biotechnology, programme The Leading National Research
Centre (KNOW) for years 2014–2018.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Com-
mons license, and indicate if changes were made.
References
Allison GG, Robbins MP, Carli J, Clifton-Brown J, Donnison I
(2010) Designing biomass crops with improved calorific
content and attributes for burning: a UK perspective. In:
Mascia P, Schefrranand J, Widholm JM (eds) Plant
biotechnology for sustainable production of energy and co-
products. Springer, Berlin, pp 25–56
Blackwell J, Vasko PD, Koenig JL (1970) Infrared and raman
spectra of the cellulose from the cell wall of Valonia ven-
tricosa. J Appl Phys 41:4375–4379
Blumenkrantz N, Asboe-Hansen G (1973) New method for
quantitative determination of uronic acids. Anal Biochem
54:484–489
Carrillo F, Colom X (2004) Structural FTIR analysis and ther-
mal characterisation of lyocell and viscose-type fibers. Eur
Polym J 40:2229–2234
Chen F, Dixon RA (2007) Lignin modification improves fer-
mentable sugar yields for biofuel production. Nat
Biotechnol 25:759–761
Clesceri LS, Greenberg AE, Eaton AD (1998) Standard methods
for the examination of water and wastewater, 20th edn.
APHA American Public Health Association, Washington,
DC
da Costa RM, Lee SJ, Allison GG, Hazen SP, Winters A, Bosch
M (2014) Genotype, development and tissue-derived
variation of cel-wall properties in the lignocellulosic
energy crop Miscanthus. Ann Bot. doi:10.1093/aob/
mcu054
Dai D, Fan M (2011) Investigation of the dislocation of natural
fibers by Fourier-transform infrared spectroscopy. Vib
Spectrosc 55:300–306
Dymin´ska L, Szatkowski M, Wro´bel-Kwiatkowska M, Zuk M,
Kurzawa A, Syska W, Ga˛gor A, Zawadzki M, Ptak M,
Transgenic Res (2015) 24:971–978 977
123
Ma˛czka M, Hanuza J, Szopa J (2012) Improved properties
of micronized genetically modified flax fibers. J Biotechnol
164:292–299
Gredes T, Wro´bel-Kwiatkowska M, Dominiak M, Gedrange T,
Kunert-Keil C (2012) Osteogenic capacity of transgenic
flax scaffolds. Biomed Tech Biomed Eng 57:53–58
Hendriks ATWM, Zeeman G (2009) Pretreatments to enhance
the digestibility of ligno-cellulosic biomass. Bioresour
Technol 100:10–18
Hisano H, Nandakumar R, Wang ZY (2009) Genetic modifi-
cation of lignin biosynthesis for improved biofuel pro-
duction. In Vitro Cell Dev Biol Plant 45:306–313
Hodgson EM, Fahmi R, Yates N, Barraclough T, Shield I,
Allison G, Bridgwater AV, Donnison IS (2010) Miscanthus
as a feedstock for fast-pyrolysis: does agronomic treatment
affect quality? Bioresour Technol 101:6185–6191
Iiyama K, Wallis AFA (1990) Determination of lignin in
herbaceous plants by an improved acetyl bromide proce-
dure. J Food Sci Agric 51:145–161
Ja¨hn A, Schro¨der MW, Fu¨ting M, Schenzel K, Diepenbrock W
(2002) Characterization of alkali treated flax fibers by
means of FT Raman spectroscopy and environmental
scanning electron microscopy. Spectrochim Acta A
58:2271–2279
Jeoh T, Ishizawa CI, Davis MF, Himmel ME, Adney WS,
Johnson DK (2007) Cellulase digestibility of pretreated
biomass is limited by cellulose accessibility. Biotechnol
Bioeng 98:112–122
Kida K, Shigematsu T, Kijima J, Numaguchi M, Mochinaga Y,
Abe N, Morimura S (2001) Influence of Ni2? and Co2?
on methanogenic activity and the amounts of coenzymes
involved in methanogenesis. J Biosci Bioeng 91:590–595
Kirk R, Othmer D, Mark H, Standen A (eds) (1968) Cellulose
ethers. In: Encyclopedia of chemical technology, 2nd ed,
vol 4. Interscience Publishers, New York, pp 638–652
Kymalainen HR, Koivula M, Kuisma R, Sjoberg AM, Pehkonen
A (2004) Technologically indicative properties of straw
fractions of flax, linseed (Linum usitatissimum L.) and fiber
hemp (Cannabis sativa L.). Bioresour Technol 94:57–63
Langan P, Nishiyama Y, Chanzy H (1999) A revised structure
and hydrogen-bonding system in cellulose II from a neu-
tron fiber diffraction analysis. J Am Chem Soc
121:9940–9946
Li X, Weng JK, Chapple C (2008) Improvement of biomass
through lignin modification. Plant J 54:569–581
Lorenc-Kukuła K, Wro´bel-Kwiatkowska M, Starzycki M,
Szopa J (2007) Engineering flax with increased flavonoid
content and thus Fusarium resistance. Physiol Mol Plant
Pathol 70:38–48
Mansfield SD, Kang KY, Chapple C (2012) Designed for
deconstruction poplar trees altered in cell wall lignification
improve the efficacy of bioethanol production. New Phytol
194:91–101
Melton LD, Smith BG (2001) Isolation of plant cell walls and
fractionation of cell wall polysaccharides. Curr Protoc
Food Anal Chem E 3.3.1–E3.3.4
Nishiyama Y, Sugiyama J, Chanzy H, Langan P (2003) Crystal
structure and hydrogen bonding system in cellulose I
(alpha) from synchrotron X-ray and neutron fiber diffrac-
tion. J Am Chem Soc 125:14300–14306
Oh SY, Yoo DI, Shin Y, Kim HC, Kim HY, Chung YS, Park
WH, Youk JH (2005) Crystalline structure analysis of
cellulose terated with sodium hydroxide and carbon diox-
ide by means of X-ray diffraction and FTIR spectroscopy.
Carbohydr Res 340(15):2376–2391
Park S, Baker JO, Himmel ME, Parilla PA, Johnson DK (2010)
Cellulose crystallinity index: measurement techniques and
their impact on interpreting cellulase performance. Biotech
Biofuels 3:10
Preisner M, Kulma A, Zebrowski J, Dymin´ska L, Hanuza J,
Arendt M, Starzycki M, Szopa J (2014) Manipulating
cinnamyl alcohol dehydrogenase (CAD) expression in flax
affects fiber composition and properties. BMC Plant Biol
20:14–50
Ross K, Mazza G (2010) Characteristics of lignin from flax
shives as affected by extraction conditions. Int J Mol Sci
11:4035–4050
Schwanninger M, Rodrigues JC, Pereira H, Hinterstoisser B
(2004) Effects of short-time vibratory ball milling on the
shape of FT-IR spectra of wood and cellulose. Vib Spec-
trosc 36:23–40
Taherzadeh MJ, Karimi K (2008) Pretreatment of lignocellu-
losic wastes to improve ethanol and biogas production: a
review. Int J Mol Sci 9:1621–1651
Teghammar A, Forga´cs G, Horva´th IS, Taherzadeh MJ (2014)
Techno-economic study of NMMO pretreatment and bio-
gas production from forest residues. Appl Energy
116:125–133
Updegraff D (1969) Semimicro determination of cellulose in
biological materials. Anal Biochem 32:420–424
Walton JD (1994) Deconstructing the cell wall. Plant Physiol
104:1113–1118
Wro´bel-Kwiatkowska M, Lorenc-Kukula K, Starzycki M,
Oszmian´ski J, Ke˛pczyn´ska E, Szopa J (2004) Expression of
b-1,3-glucanase in flax causes increased resistance to
fungi. Physiol Mol Plant Pathol 65:245–256
Wro´bel-Kwiatkowska M, _Zebrowski J, Starzycki M, Osz-
mian´ski J, Szopa J (2007a) Engineering of PHB synthesis
caused improved elastic properties of flax fibers. Biotech-
nol Prog 23:269–277
Wro´bel-Kwiatkowska M, Starzycki M, _Zebrowski J, Osz-
mian´ski J, Szopa J (2007b) Lignin deficiency in transgenic
flax resulted in plants with improved mechanical proper-
ties. J Biotechnol 128:919–934
Wro´bel-Kwiatkowska M, Sko´rkowska-Telichowska K,
Dyminska L, Ma˛czka M, Hanuza J, Szopa J (2009) Bio-
chemical, mechanical, and spectroscopic analyses of
genetically engineered flax fibers producing bioplastic
(poly-b-hydroxybutyrate). Biotechnol Prog 25:1489–1498
Wro´bel-Kwiatkowska M, Czemplik M, Kulma A, Zuk M,
Kaczmar J, Dymin´ska L, Hanuza J, Ptak M, Szopa J (2012)
New biocomposites based on bioplastic flax fibers and
biodegradable polymers. Biotechnol Prog 28:1336–1346
Xiao C, Anderson CT (2013) Roles of pectin in biomass yield
and processing for biofuels. Front Plant Sci 4:67
978 Transgenic Res (2015) 24:971–978
123
